A series of ionic liquids consisting of 1-butyl-1-methylpyrrolidinium chloride (Pyr 14 Cl) and TaCl 5 at molar ratios of Pyr 14 Cl in the range of 0.85 -0.20 was synthesized. They exhibit potential application as electrolytes for the electrochemical deposition of tantalum. The thermal behaviour of the Pyr 14 Cl-TaCl 5 mixtures was investigated, using differential scanning calorimetry (DSC) to estimate the range of thermal stability and to determine the optimal compositions for electrochemical trials. The Pyr 14 Cl-TaCl 5 mixtures formed stoichiometric 3 : 2 and 2 : 3 crystalline phases with melting points of 70 • C and 130 • C, respectively, characterized by entropies of fusion of 13.6 J K −1 mol −1 and 10.1 J K −1 mol −1 . The mixtures with molar fractions of Pyr 14 Cl equal to 0.60 and 0.40 were clear and transparent liquids and had the lowest viscosity; they were the most suitable for electrochemical applications.
Introduction
Low-temperature ionic melts, or ionic liquids, are attractive media for the electrochemical deposition of metals, particularly tantalum, which cannot be obtained from aqueous solutions.
The salts based on the pyrrolidinium cation exhibit conductivity values up to 1.0 · 10 −6 S cm −1 in the solid state and 2 · 10 −3 S cm −1 in the molten one [1] , and have potential as media for electrochemical applications, particularly for lithium batteries. Thermal behaviour as well as other physical properties of ionic liquids based on 1-alkyl-1-methylpyrrolidinium with different anions [such as BF 4 − , trifluoromethanesulfonyl anion, (trifluoromethanesulfonyl) imide anion] and with the addition of LiX salts were extensively studied [2 -7] .
In our previous studies [8, 9] we have reported that 1-butyl-1-methylpyrrolidinium chloride (Pyr 14 Cl) and TaCl 5 form an ionic liquid at a Pyr 14 Cl : TaCl 5 molar ratio equal to 65 : 35 above 70 • C. It exhibits 0932-0784 / 08 / 0100-0066 $ 06.00 c 2008 Verlag der Zeitschrift für Naturforschung, Tübingen · http://znaturforsch.com a wide window of electrochemical stability (more than 6 V) and shows promising properties as an electrolyte for the electrochemical deposition of tantalum at 140 -150 • C. It was found that Pyr 14 Cl and TaCl 5 mixtures also form liquids at molar ratios of the components close to 65 : 35, namely 60 : 40 and 67 : 33.
Motivated by the search for optimal compositions for the electrochemical application, a series of ionic liquids consisting of 1-butyl-1-methylpyrrolidinium chloride and TaCl 5 with Pyr 14 Cl molar ratios in the range 0.85 -0.20 was synthesized. Their thermal behaviour was investigated using differential scanning calorimetry (DSC) to estimate the thermal stability of the mixtures and their applicability for the electrochemical deposition of tantalum. Simultaneously, FTIR spectra of the quenched samples were recorded to determine the structure and composition of tantalum(V) species in the ionic liquids and the nature of their interactions with different functional groups of the organic component. 
Experimental

Chemicals
Samples Preparation
The mixtures of Pyr 14 Cl and TaCl 5 form liquids when the molar ratio of Pyr 14 Cl is within the range 0.85 -0.20. The samples for thermal measurements with various Pyr 14 Cl and TaCl 5 molar ratios (0.250 g of each composition) were prepared by mixing the components in a glove box MBRAUN Star, with an O 2 and H 2 O content below 1 ppm, placing them in Pyrex tubes and melting them in an inert argon atmosphere (99.999%) with stirring in an oil bath. This process took 30 min to 2 -3 h, depending on the composition. To obtain compositions with 45 -55 mol% TaCl 5 was very difficult, and they were not entirely transparent or homogeneous. Heating of these mixtures with intensive stirring for 2 -3 h was ineffective, and increasing the temperature above 180 
Thermal Measurements
Thermal measurements were performed using a differential scanning calorimeter DSC821 e Mettler Toledo. Standard samples of indium were used for the calibration of temperature and power measurements over the temperature range 30 -180 • C. The samples for DSC measurements (about 10 mg) were placed in standard aluminium pans (40 µl), hermetically sealed in a glove box with an argon atmosphere (99.999%) and heated from 30 to 180 • C at a scan rate of 3 • C/min.
Spectroscopic Measurements
FTIR internal reflection spectra (Golden Gate ATRunit with KRS5-lens) of the same samples as for DSC measurements (quenched samples) were recorded using a Bruker FTIR spectrometer Equinox 55 with a MCT nitrogen-cooled detector in the range 200 -4000 cm −1 at room temperature. Table 1 . Thermal properties of Pyr 14 Cl-TaCl 5 mixtures at various molar ratios of the components (water content < 10 ppm). the molar ratio of 65 : 35 which was found previously to be successful as the electrolyte for the electrochemical deposition of tantalum, another promising composition is at 60 mol% TaCl 5 . The mixtures at higher TaCl 5 contents are not suitable for electrochemical application due to the partial volatility of TaCl 5 .
Results and Discussion
DSC Measurements
Molar ratio T ∆S T ∆S T ∆S T ∆S Pyr 14 Cl : TaCl 5 ( • C) (J K −1 mol −1 ) ( • C) (J K −1 mol −1 ) ( • C) (J K −1 mol −1 ) ( • C) (J K −1 mol −1 )
FTIR Spectroscopy of Pyr 14 Cl-TaCl 5 Mixtures
The FTIR spectrum of Pyr 14 Cl is presented in Fig. 3 and the experimental IR frequencies are collected in Table 2 . The tentative assignments of the internal vibrations of Pyr 14 Cl are made based on the results reported for bis (pyrrolidinium) chloride-hexachloroantimonate(V) [11] , 1-methyl-1-propylpyrrolidinium cation [1] , di-methylpyrrolidinium iodide [12] , and pyrrolidine and N-D pyrrolidine [13, 14] . The structure of Pyr 14 Cl results from the electrostatic interactions among anions and cations, the hydrogen bonding interaction among the chloride anions and the ring as well as the substituents' hydrogen atoms, and a weak interaction among the butyl chains which could have a parallel orientation.
The spectrum of TaCl 5 in the far-infrared range (Fig. 3 ) is characterized by a broad band with a maximum at 398 cm −1 and is in agreement with data reported in [15] . The crystal structure of TaCl 5 consists of dimers (Ta 2 Cl 10 ) with chlorine atoms forming two octahedra sharing a common edge [16] . TaCl 5 was investigated in different alkali chlorides by means of vibrational spectroscopy, and the evidence for the formation of [TaCl 6 ] − of octahedral structure was reported [17 -19] .
FTIR spectra of Pyr 14 Cl-TaCl 5 mixtures at various molar ratios of the components (Fig. 3) The evolution of the Ta-Cl vibrations in different chloride species is not so pronounced, and as the content of TaCl 5 decreases, one can observe the broadening of the band at ∼ 400 cm −1 with a simultaneous decrease in its intensity.
Pyr 14 Cl melts at 203 • C and is not stable after melting. The introduction of TaCl 5 in small amounts (15 mol%) leads to the stabilization of the Pyr 14 Cl structure due to the formation of [TaCl 6 ] − complexes which refill the vacancies between the Pyr 14 + cations, increasing the influence of the electrostatic component for the stability of the structural units.
As the content of TaCl 5 increases and TaCl 5 is introduced step by step into the structure of Pyr 14 Cl in the form of [TaCl 6 ] − anions, the weak H-H interaction between butyl chains can also be interrupted and replaced by the formation of the stronger Cl-H bonds between [TaCl 6 ] − octahedra and H atoms. In this case the bonds can be formed both with H atoms of methyl and butyl groups and with H atoms of CH 2 groups from the pyrrolidinium ring.
In the case of high TaCl 6 ] − octahedra are the structural units of tantalum(V), and significant changes above 60 mol% TaCl 5 , where the fragments of the quasi-crystal structure of TaCl 5 become the dominant ones. The Pyr 14 Cl-TaCl 5 ionic liquids have important advantages comparing with high-temperature molten alkali chloride electrolytes: the operating temperatures are below 170 • C, and they have negligible vapour pressures.
Conclusions
